Introduction movements [26] . A report of the European Gas Pipeline Incident Data Group [14] has indicated that ground movement represents the fourth major cause of gas pipeline failure with close to half of the reported PGD cases resulting in pipe rupture.
Ground movement induced by slope instability can be classified as shallow or deepseated depending on the geometry and geotechnical conditions of the slope [7] . The interaction between a buried pipe and a moving slope is a function of the pipe orientation with respect to the slope. When the pipe axis is normal to the direction of soil movement, the pipe is subjected to lateral forces resulting in bending stresses and shear forces in the pipe wall. When the pipe is parallel to the slope, tensile or compressive stresses are induced in the pipe due to the slope movement. This study focuses on estimating the axial load on a pipe subjected to relative axial soil movement.
The interaction between a buried pipe and the surrounding soil is conceptually similar to the shaft resistance of displacement piles. The ultimate axial soil resistance of a buried pipe in granular material is obtained by considering the interaction at the interface between the pipe and the surrounding soil. A commonly used approach to determine the axial soil load F A for pipes buried in cohesionless sand is that suggested by the American Society of Civil Engineering [4] :
where, γ ′ is the soil effective unit weight, H is the depth to pipe centerline, D is the pipe outer diameter, L is the pipe length, K 0 is the coefficient of earth pressure at-rest and δ is the interface friction angle between the soil and the pipe. Equation (1) has been also recommended by the American Lifeline Alliance [3] and Honegger and Nyman [18] to calculate axial soil loads on buried pipe in granular material. The term 0.5π Dγ ′ H (1 + K 0 ) in Eq. (1) represents the average effective normal stress acting on the outer perimeter of the pipe, which corresponds to the "at-rest" condition. When lateral strains develop in the soil due to the relative movement between the soil and the pipe, normal stresses on the pipe increase compared to the at-rest condition and consequently Eq. (1) would underestimate the axial soil resistance. Several researchers, e.g. [21, 24, 28, 38] reported significant discrepancies between the predicted values calculated using Eq. (1) and the experimentally measured axial soil resistance. It was also found that the peak axial pullout force for pipelines in dry dense sand is several times higher than those obtained using the closed-form solutions. The increase in axial pullout force is attributed to the increase in normal stresses due to the dilatant behaviour of the sand under interface shear deformations. A parameter K was proposed instead of K 0 in Eq. (1) based on experimental data to account for the increase in the radial soil stresses acting on the pipe.
In this study, three-dimensional (3D) discrete element models are developed and used to simulate large-scale pullout experiments on pipes in granular material. The model is first calibrated using experimental data and then used to carry out a parametric study to evaluate the effect of soil and pipe parameters on the soil resistance and the associated pullout forces. The results from these numerical simulations are then used to derive an expression that could be used to estimate an appropriate earth pressure coefficient that predicts the maximum axial soil resistance in these conditions.
(1)
Modeling buried structures subjected to soil movements
The response of buried pipes to different modes of ground movements has been extensively investigated in the last few decades (e.g. [2, 7, 10, 18, 21, 25, 26, [37] [38] [39] . Roy et al. [33] used finite element (FE) analysis to model soil-pipe interaction in dense sand subjected to lateral ground displacements. Different soil models were evaluated and a parametric study was performed to examine the effect of both the pipe and soil properties on the response of the soil-pipe system. Zhang et al. [41] performed FE simulation to study the mechanical behavior of buried pipes crossing landslide zones. Despite the effectiveness of the FE analysis in studying this class of problems, modelling granular material and capturing particle movements during the pullout process is challenging using conventional continuum approaches [16] .
As an alternative to continuum approaches, the discrete element method (DEM) has been used by researchers to model granular material under large deformation. The method was first proposed by Cundall and Strack [9] and was proven to be efficient in capturing the behavior of granular material. Tran et al. [35] developed a finite-discrete element framework for the 3D modeling of geogrid-soil interaction under pullout loading condition. The results demonstrated the capability of the coupled model to analyse this class of soil-structure interaction problems. In addition, Tran et al. [36] conducted discrete element analysis and experimental studies to determine the earth pressure distribution acting on cylindrical shafts experiencing large soil movement. Results confirmed the capability of the DEM in solving geotechnical engineering problems involving structural elements in moving granular materials. Ahmed et al. [1] investigated the distribution of earth pressures on buried pipes overlain by geogrid layer using finite-discrete element analysis. The results allowed for the evaluation of the effect of soil reinforcement on the radial earth pressure acting on the pipe. Rahman and Taniyama [31] conducted 3D discrete element analysis to calculate the response of a buried pipeline subjected to fault movement. Meidani et al. [24] evaluated the response of a buried steel pipe in granular soil to large ground movement using 3D discrete element analysis. Results confirmed the suitability of this numerical approach in solving soil-structure interaction problems under large deformation.
The above studies provided an insight into the response of buried structures to large soil movement using both finite and discrete element analysis. However, further investigations are needed to develop a better understanding of the role of different parameters on the response of rigid pipes to axial soil movement and propose an expression that could be used by practitioners to estimate the resistance of dense backfill material to pullout loading.
Discrete element analysis
The discrete element method generally considers the interaction between particles in a dynamic process. Following contact detection between two particles, the contact forces are calculated and the rotational and transitional accelerations are obtained using Newton's second law of motion. The accelerations are integrated numerically over a defined time step and particle velocities and new positions are determined. This process is continued until static equilibrium condition is reached. Energy dissipation during particle collision and interaction is considered using damping coefficients for both forces and moments.
The discrete element analysis in this study is performed using the open source code YADE [23, 34] . The contact law between particles uses Cundall's linear elastic-plastic law with moment transmission. The microscopic parameters in this contact law involve elastic (E micro , K T /K N , β r ) as well as rupture parameters (φ micro and η r ). Where, E micro is the particle modulus; K N and K T are the normal and tangential stiffnesses at the contact point; β r is the rolling resistance coefficient; φ micro is the microscopic friction angle between particles, and η r is a dimensionless coefficient to define a threshold for the resistant moment. It should be noted that the modulus (E micro ) and friction angle (φ micro ) are particle microscale parameters, which differ from the Young's modulus and friction angle of the soil domain. To keep the paper size manageable, the details of the contact model, damping equations, and other standard discrete element formulation that are available elsewhere [12, 20] are not presented.
Effects of scale factor on discrete element results
Accurate discrete element modeling of geotechnical problems requires the use of millions of particles. A discrete element sample cannot account for all discrete particles contained in the system and therefore ''scaled-up'' elements with larger sizes have to be used to reduce the size of the discrete element model to a reasonable level for the available computer resources. Several studies, including [8, 19, 22, 29, 30, 40, 42] , demonstrated that the scale factor and model dimensions have significant effects on the discrete element simulation results, however, there is no universal agreement on a standard method to choose an appropriate scaling ratio for different applications.
Yang et al. [40] examined the factors affecting the strength and deformability of 2D discrete element models and concluded that the macroscopic properties are sensitive to L/d ratio (L is the smallest length of the sample, d is the median of the particle diameters used in the DE analysis), however, these properties tend to stabilize for L/d ratio of more than 32. Furthermore, Ding et al. [13] created 3D models with L/d ratios ranging from 10 to 50 for four different particle size distributions. It was found that both Young's modulus and Poisson's ratio do not significantly change for L/d ratio of more than 25. Based on the above, it is concluded that a minimum L/d ratio of 30 should be used in this study to maintain the balance between the model scale and the accuracy of the calculated results.
Description of the numerical model
The results of the pullout experiments performed on a buried steel pipe in Fraser River Sand reported by Karimian [21] Table 1 summarizes the sand properties used in the experiments. The steel pipe has an outside diameter of 46 cm and a wall thickness of 13 mm which represents a ring stiffness (EI/r 3 ) of 4.2E6 (kN/m). This stiffness level prevents the generation of significant axial straining in the steel pipe during the pullout. The interface friction angle (δ) between the pipe surface and the backfill material was reported to be 36°. The pipe was embedded in a 0.7 m layer up to the springline and covered with 1.15 m of backfill (H/D = 2.5). The pipe was pulled out at a fixed rate of 5 mm/s and the pullout force was continuously measured.
DEM specimen generation
The discrete element model is created to reproduce the geometry and test procedure of the experiment. Up-scaled spherical particles are used to model the sand to reduce the number of particles and the required computation time. Based on the results of the scale-effect discussed above and considering a minimum L/d ratio of 30, particle scaling factors of 90 and 140 are chosen for the analysis and the generated samples follow the grain size distribution curves shown in Fig. 1 . The DEM model used to simulate the experiment is divided into four zones (see Fig. 2 ). Zone 1 represents the area immediately around the pipe and contains smaller particles that have scale factor of 90. This is important to improve the contact between the soil and the pipe. stress gradients are expected to be much lower. Using these scale factors a total number of 265,000 spheres are generated to create the soil specimen. The fabric tensor of the sample was investigated following the approach proposed by Dang and Meguid [11] . It was found that the fabric tensor components are almost identical in all directions, which confirms that the discrete element sample is homogeneous. The radius expansion packing method [20] is employed in this study to generate the discrete element particles. First, a box of non-contacting spheres is created in each zone following the particle size distribution given in Fig. 1 . Particle radii are increased to match the porosity (0.41) of the backfill material. According to O'Sullivan [27] , radius expansion method tends to generate specimens with isotropic stress state. To eliminate this effect, each zone is allowed to reach equilibrium independently. All four zones are then assembled together under gravity until equilibrium is re-established. A cut-out perspective of the created 3D model is presented in Fig. 3 . The pipeline is modeled using 1216 facet discrete elements arranged in a hexdecagonal shape. Facets are triangular flat discrete particles that follow the same contact laws used of spherical particles. This means that facet-sphere collision is treated similar to sphere-sphere collision [34] . The length of the pipe is created that it is longer than the length of the chamber to allow for constant and continuous interactions between the pipe and soil during the pullout process. A close view of the pipeline and facet elements are presented in Fig. 3 .
Model calibration
The input parameters for the discrete element analysis are determined by modeling triaxial tests and matching the results with the reported experimental data [21] . The triaxial specimen consists of a rectangular prism with an aspect ratio of two (152 mm in height, 76 mm in length and width), which is consistent with the tested samples. The DEM specimen is created using the radius expansion method with grain size distribution similar to that of the backfill material. Considering the minimum length of the model (76 mm) and the median diameter of the particles, L/d ratio of 30 is determined which is in good agreement with previous studies. A snapshot of the discrete element sample used in the triaxial test is given in Fig. 4a . Three different confining stress levels are used in performing the triaxial tests, namely, 25, 35 and 50 kPa. First, the input parameters are obtained by matching the experimental results under a confining pressure of 25 kPa, following the calibration procedure proposed by Plassiard et al. [30] . Next, the parameters are validated using the triaxial test results with confining pressures of 35 and 50 kPa. The most important microscopic parameters are the particle modulus (E micro ), the microscopic friction angle (φ micro ) and the rolling resistance (β r ). Figure 4b compares the numerically calculated and measured triaxial test results which shows an overall agreement for the used range of confining pressures, particularly near the peak values. It is also noted that the model underestimated the response by about 10% at small strains up to about 1.5% strain. This may be attributed to the simplified particle and model geometry used in the analysis. A summary of the soil input parameters are presented in Table 2 .
Modeling the pullout experiment
Following the generation of the discrete particles in the predefined zones (see Fig. 2 ), the pipe is allowed to freely move under gravity before applying the pullout load. The accuracy of the created model is evaluated by calculating the radial earth pressure acting the numerical model. Table 3 summarizes the radial earth pressure values at these five locations. Although earth pressure was slightly overestimated near the springline, the overall distribution was consistent with the analytical solution. This demonstrates the effectiveness of the discrete element model in representing the interaction of the backfill material with the buried pipe. The difference in pressures at the springline and haunches is attributed to sensitivity of the contact pressures at these locations to the level of soil compaction around the pipe. Similar observations were made by Karimian [21] and Ahmed et al. [1] . The pullout test is simulated using a displacement control scheme with no friction between the box walls and the discrete particles, which is consistent with the boundary conditions used in the experiments. The pipe is pulled out in the analysis following the same displacement rate used in the experiment (5 mm/s). Karimian [21] found that when the pullout rate ranges from 2 to 50 mm/s, the difference in peak axial force is negligible. Given the rate used in the analysis (5 mm/s), the effect on the calculated pullout load is expected to be insignificant. The effect of the friction angle of the facet elements on the pullout force was evaluated using a parametric study [24] . Results indicated that the friction coefficient of the facet elements can affect the overall response of the model. Therefore, the friction angle needs to be determined accurately using experimental results. A friction angle of 30° is found to bring the numerical results as close as possible to the experimental data. Figure 5 compares the measured and calculated axial soil resistance (F A ) for a wide range of pipe displacements. The model seems to be able to accurately predict the axial resistance up to the peak value. Post peak, however, the model over-predicts the response by about 20%. Since the focus of this study is on predicting the maximum axial soil resistance (pullout force), the performance of this simplified numerical model is judged to be adequate.
Evaluating the effect of different parameters on the pullout force
The axial soil resistance calculated using the closed-form solution (Eq. 1) is plotted in Fig. 5 . It is clear that Eq. (1) significantly underestimates the pullout force. This difference is attributed to the increase in normal stresses acting on the pipe during the loading process, which is not accounted for in Eq. (1). The increase in normal stresses is generally explained by the dilatant behavior of the dense sand mobilized by the relative displacement between the sand material and the moving pipe [24] . Since K 0 parameter in Eq. (1) controls the average normal stresses on the pipe, a parametric study is performed using DEM to investigate the effect of different soil and pipe parameters on the pullout Lower haunch 16 15 Invertresistance and to propose a suitable expression for K 0 (K* hereafter). The value of the modified earth pressure coefficient K* is bounded by K 0 and K P (the passive earth pressure coefficient). The investigated parameters include: (1) the burial depth (H); (2) the soil friction angle (φ); (3) the soil Young's modulus (E i ); (4) the pipe diameter (D); and (5) the friction angle between the pipe and the soil (δ). The parametric study is performed by varying each parameter independently using the range of values given in Table 4 . It should be noted that the soil modulus and friction angle in Table 4 are macro parameters. Simulations of triaxial tests were performed to determine the DEM micro parameters that correspond to the parameters listed in the table. The steps taken in developing the expression are listed below:
1. Substituting the numerically calculated pullout resistance for each case in Eq. (1), a value of K* is back-calculated. 2. A general relationship between K* and each of the examined parameters is established. 3. Combining all results and knowing the interaction of each parameter with K*, a final expression is extracted using a multivariate regression analysis.
Results and discussions

Effects of pipe burial depth (H)
Burial depths are varied from 1.1 to 2.85 m which corresponds to overburden pressures that range from 17 to 46 kPa at the springline. The soil and pipe properties summarized in Table 2 are used in the analysis keeping the pipe diameter constant at 46 cm. As illustrated in Fig. 6a , the pullout load (F A ) increases almost linearly with the increase in burial depth, which is consistent with the expected increase in radial pressure acting on the pipe. Given the properties of both the soil and the pipe, the corresponding K* value is calculated using Eq. (1) and the results are presented in Fig. 6b . For the investigated properties, K* was found to decrease from 1.8 to 1.2 as the burial depth increased from 1.1 to 2.85 m, respectively. No significant change in K* was found with further increase in burial depth. This is in agreement with the previously published results such as those reported by [21] and summarized in Table 5 . 
Effects of soil modulus (E i )
Four different E i values were examined, namely, 40, 45, 50 and 55 MPa, which represent a range of values that are suitable for dense Fraser River sand material [21] under effective stress range between 15 and 50 kPa. Each of these values is used in the analysis along with three different burial depths, 1.6, 2.1 and 2.85 m. Figure 7a shows the relationship between the pullout force (F A ) and the soil modulus for the examined burial depths. Pullout force generally increased with the increase of burial depth. For a given value of H, the increase in Young's modulus resulted in a slight increase in the pullout force. Given the pipe diameter and backfill properties, K* is calculated for various soil moduli and the results are presented in Fig. 7b . The modified earth pressure coefficient, K* was found to decrease with the increase in burial depth. It was also found that the stiffer the soil (increasing elastic modulus), the higher the calculated K* coefficient.
The above results indicate that the soil surrounding the pipe became stiffer as the radial pressure increased during the pullout process. This is consistent with the cylindrical cavity solution of [15] :
where G is the soil shear modulus, D is the pipe diameter and t is the thickness of the shearing zone. This equation shows that the increase in normal stresses acting on the pipe due to soil dilation (�σ n ) is proportional to the shear stiffness of the soil (G). Consequently, increasing the soil stiffness generally results in more pressure on the pipe.
Effect of soil friction angle (φ)
In this part of the analysis, the Fraser River sand friction angle is increased in four increments (41°, 43°, 45° and 47°) and its effect is evaluated for the investigated soil depths (1.6, 2.1 and 2.85 m). Soil modulus and pipe diameter are kept constant at assigned values of 40 MPa and 0.46 m, respectively. The interface friction angle (δ) is adjusted to maintain the pipe roughness at a value of 0.8 of the soil friction angle throughout the analysis. As depicted in Fig. 8a , the pullout load slightly increased with the increase in soil friction angle for the three investigated burial depths. When the friction angle increased about 6°, the soil resistance (represented by F A value) increased about 17%. Since the soil friction angle is directly related to the coefficient of earth pressure at rest (K 0 ), the modified earth pressure coefficient K* is normalized in Fig. 8b with respect to K 0 . It is also found that for a given soil height, K*/K 0 ratio increased with the increase in friction angle. In addition, increasing the burial depth resulted in a slight decrease in the earth pressure coefficient ratio as illustrated in Fig. 8b. (2) �σ n = (4G)/D × �t 
Effect of interface friction angle (δ)
Six different interface friction angles (22.5°, 27°, 31.5°, 36°, 41° and 45°) are examined. These values represent δ φ ratios that range from 0.5 to 1 which are typical for sandsteel contacts [4] . To allow for the role of interface friction angle to be investigated, the rest of the variables including the pipe diameter, burial depth, particles friction angle and soil Young's modulus were kept constant. The results showed that the pullout force significantly increased as the interface friction angle increased as illustrated in Fig. 9a . It was also found that changing the interface had little effect on K* which remained constant for the investigated cases (Fig. 9b) . This is in agreement with the observations made by [21] based on a sensitivity analysis of K value with respect to the soil parameters (e.g. interface friction and dilation angles).
Effect of pipe diameter (D)
The effect of pipe diameter on the modified earth pressure coefficient K* is evaluated using the results reported by [21] for the same experiments investigated in this study. In addition to the pipe diameter used in the experiments (46 cm), two other diameters are examined, namely, 23 and 92 cm. Burial depth was kept at 1.1 m with internal friction angle of 45° and Young's modulus of 40 MPa. It should be noted that the wall thicknesses of the pipe were chosen to keep the rigidity of the pipe consistent in all investigated cases. The results presented in Fig. 10 showed that K* is inversely proportional to the pipe diameter. Since the normal pressure acting on the pipe due to soil dilation (�σ n ) is a function of K* (Eq. 2), it can be concluded that �σ n is also inversely proportional to the pipe diameter.
Development of an expression for K*
An expression for the maximum axial soil resistance against the movement of a steel pipe buried in dense sand is developed in this section based on the previous results. The proposed expression is a modification of Eq. (1) with K* replacing K o . The modified earth pressure coefficient K* is a function of the burial depth (H), soil modulus (E i ), soil friction angle (φ) and pipe diameter (D). The modified expression can be written as follows: where K* is the modified coefficient of earth pressure, C is constant, K 0 is the coefficient of earth pressure at rest, E is the soil Young's modulus, γ is the soil unit weight, H is the pipe burial depth, φ is the soil friction angle, t is the shear zone thickness and D is the pipe diameter. Previous research related to shear zones developing in granular materials (e.g. [5, 32] revealed that the thickness of the active shear zone ( t) can be estimated as 10d 50 where d 50 is the median grain size of the soil. Karimian [21] observed that the thickness of the active shear zone surrounding the pipe is in the order of 1.2-2.8 mm. This is in agreement with 10d 50 for Fraser River sand (d 50 = 0.22 mm) and consequently the thickness of the shear zone is set here to 2.2 mm in Eq. (4) .
Using the data obtained from "Effects of pipe burial depth (H)" through "Effect of interface friction angle (δ)" sections and utilizing multivariate regression analysis, the exponent α is calculated as 0.38. This parameter accounts for the interaction between the soil stiffness and the vertical stresses at the springline of the pipe. The two other exponents, β and θ, are determined as 1.39 and 0.42, respectively, and the constant C is found to be 2.75. The final expression can then be written as:
Validation of the proposed expression
The validation was performed in two steps: (1) The changes in pullout force with the modified earth pressure coefficient were calculated numerically as well as using the proposed expressions; (2) a case study is presented where the pipe response measured during centrifuge experiments is compared with the pullout force calculated using the proposed method. This allows for the validity of the expression to be verified for different soil and pipe conditions. Finally a numerical example is provided to illustrate the use of the proposed approach. Figure 11 compares the estimated values using equations (5) and (3) with the 3D numerical analysis. The results show a consistent agreement between the estimated and calculated values with a maximum difference of 6%. Wijewickreme et al. [39] suggested that when using Eq. (1) to find the axial resistance in compacted sand, K value should be considered within a range between K 0 and 2.5. The predicted K* values in this study (Fig. 11 ) are found to be within that range which shows the model prediction is also consistent with recommended practice.
A case study [10] that involves centrifuge tests and numerical analysis performed on a rigid pipe buried in dense sand and subjected to relative axial movement is used to further validate the proposed expression. The geometry and soil properties used in the experiments are provided in Fig. 12a . It was concluded that the ultimate axial soil resistance measured in the centrifuge tests was found to be higher than that predicted using Eq. (1) . Figure 12b compares the experimental results with the closed-form solution (Eq. 1) as well as the proposed expression. The vertical axis represents the axial interaction factor (N t ) defined as:
where F A is the ultimate axial force per unit length.
The value of the normalized N t factor is determined based on the centrifuge test results for a steel pipe 504 mm in diameter buried to a depth of 1 m in sandy soil
, D r = 0.82, friction angle of 43°) and is found to be about 2.1. The closed-form solution (Eq. 1) calculated N t value of about 0.38 whereas the proposed expression predicted N t value of 1.95 as shown in Fig. 12b .
Example To illustrate the use of the proposed expression (Eq. 5) to estimate the pullout resistance of a typical steel pipe, a numerical example is given below. Using the proposed expression, the corrected K* value can be estimated as follows:
Knowing K* and using Eq. (3), the maximum axial soil resistance (F A ) is estimated as 28 kN/m.
Limitations
Despite the ability of the proposed expression to reasonably estimate the earth pressure coefficient for steel pipes subjected to axial soil movement, further research is needed to develop a more comprehensive relationship that is applicable to other buried pipes and backfill material. The focus of this study was directed towards steel pipes buried in dense sand under static pullout loading condition. Changing the sand type may affect the thickness of the shear zone around the pipe and, therefore, the results may deviate from the proposed expression and the reported experimental data. In addition, the proposed approach may not be applicable for flexible pipes (e.g. thin-walled polyethylene) as they are relatively extensible and may experience changes in cross-sectional dimension under axial loading condition. Although using simplified spherical elements in this study was justified by the problem size and the associated computational cost, using non-spherical elements (clumps) may improve the numerical predictions. However, this was not considered in the present study. 
Summary and conclusions
To evaluate the effect of ground movement on existing pipelines, it is sometimes necessary to estimate the maximum soil resistance to axial loading. Although the available closed form solution [4] can provide a reasonable estimate of the axial soil resistance for loose backfill, it significantly underestimates the resistance for dense sand material. In this study, a series of 3D discrete element analyses is performed to investigate the response of a steel pipe buried in dense sand subjected to axial soil movement. Model validation is performed by comparing the calculated pullout resistance with experimental data. Pullout forces developing in dense sand material are found to be significantly higher as compared to the values obtained using closed-form solution. Based on the results of this study, a modified expression is proposed to estimate a modified earth pressure coefficient that is appropriate for dense sand condition. The proposed expression for the modified earth pressure coefficient (K*) is found to be function of the soil and pipe properties, including pipe diameter and burial depth, soil modulus, and particle friction angle. For a given soil and pipe parameters, the pullout response predicted using the proposed expression is found to be in agreement with that measured in the experiments and calculated using numerical analysis.
This paper suggests that for a steel pipe buried in dilative soils, using the available closed-form solution may significantly underestimates the axial soil resistance. It is noted that the proposed expression is suitable only for steel pipes buried in dense sand material. More experimental studies are needed to confirm the applicability of the expression to other types of dilative soils.
